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Highlight of the I ssue

Biological Solution tothe Energy Crisis

Lecture delivered on July 8, 2005 at Chiang Kai-Shek Memorial Hall, Taipei, Taiwan

Steven Chu

| am here to talk about the energy crisis and the areas of re-
search that are taking place to solve this important problem.
First, | am going to talk about the likelihood of global warm-
ing and suggest some possible solutions.

Shownin Fig. 1 isaplot of the average yearly temperatures
of the earth over the past 140 years and the red bars indicate
the yearly temperature deviation from the average. From this
you will notice that since 1860, 19 of the 20 warmest years
occurred since 1980 and 1998 was the warmest year on the
records, and may be the warmest year in 1,000 years. However,
140 years is a short period on the geological time scale.
Therefore, we need to look back alittle bit further in time to
see what the overall trend is. It is possible to do that by study-
ing theice samples, notably from the Antarctica. Thered curves
in Fig. 2 show the temperatures fluctuations in the Antarctica
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Fig. 1: The average temperature of the earth over the last 140
years. 19 of the 20 warmest years since 1860 have oc-
curred since the year 1980.
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over the past 420,000 years. These temperatures are determined
by measuring the difference in isotope content between O,
and O intheice. It turnsout that if the temperature is warmer,
more of the heavier form of water evaporates and becomes
accumulated in the Antarctica. In addition to the temperature
data, the graph in Fig. 2 also plots the atmospheric concentra-
tion of both carbon dioxide and methane trapped in the glacier.
Notice that these curves track each other beautifully. From
thisrecord, it's not really clear whether the greenhouse gases
caused the temperature to rise or if the temperature rose fol-
lowed by the increase in the greenhouse gases.

However, data over the last decade is beginning to indicate
that over the last 50 thousand years, increase in greenhouse
gases, especially methane, may occur prior to increase in
temperature. Severa other featuresarerevealed by Fig. 2. First,
the recent trend shows an 8°C rise in temperature indicting
that we may bein astate of potentia globa warming. However,
note that humanity spent most of the time in the Ice Ages.

Temperature over the last 420,000 year

Soure: Working Groupl of the Intergover mental Panel on Climate Change
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Fig. 2: Thered curvesarethetemperatures over Antarctica during
thelast 420,000 years. The temperatures are determined
by looking at the oxygen-16 to oxygen-18 ratio in ice
samples. The concentration of atmospheric methane and
carbon dioxide tracks the temperature changes beautifully.
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Fig. 3: The concentration of atmospheric carbon dioxide in
the last 420,000 years. The amount of greenhouse gas
CO, has gone up and off the scale in the last 50 years.

During such periods, regions such as the North Americawere
largely covered by a permanent glacier. Therefore, why is ev-
eryone worried about global warming? Shouldn’t we be wor-
ried about a new ice age? The reason we're worrying about
global warming is that the amount of greenhouse gas CO, has
gone up in the last 50 years and has gone off the scale, com-
pared to the last half million years [Fig. 3]. Therefore, we are
now facing a new problem. As the temperature fluctuatesin
the past, the CO, concentration was always at a lower level.
The effect of the high CO, concentration we are facing is a
serious concern. Therefore, the question is if we can predict
climate changes due to an increase in greenhouse gases?

This reminds me of a great American philosopher of the
20th century, who happened to be a baseball player named
Yogi Berra. He said many wise things. One thing he said was
that predictions were hard to make, especially about the future.
In order to have confidence about predicting the future is to
predict the past. What does it mean to predict the past? We
know the concentrations of common greenhouse gases over
the past 1,000 years [Fig. 4]. Notice the concentrations of the
greenhouse gases were fairly flat until 1750, the beginning of
industrial revolution. With the onset of theindustrial revolution,
we started to burn coal, oil and gas. With the consumption of
fossil fuels and the rapid increase of world's population, there
is a corresponding increase in the amount of CO,, methane
and NO.

If one uses the best computer models available for tempera
ture prediction, one finds that the variations of the model pa-
rameters that account for natural phenomena, such as volca-
noes and solar variations, cannot account for the temperature
variations [Fig. 5]. However, the same model, accounting for
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Fig. 4: The concentration of greenhouse gases over thelast 1,000
yearshasremained fairly flat until theindustrial revolution,
when the burning of coal, oil, and gas has gone up.

the effects of atmospheric green house gases, can yield rea-

sonably good agreement between temperature variations and
the corresponding changesin green house gas concentrations.

Can we predict the past?
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Fig. 5: The best current computer model cannot accurately pre-
dict the temperature without taken into account the ef-
fects of the greenhouse gases. The same computer model
with the effects of the green house gas added gives a
much better prediction for the temperature variation.
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Fig. 6: Plot of the great weather and flood catastrophes over
the last 40 years. A large rise in the number of storms
and the amount of property damage and insurance
losses is seen over the recent years.

This does not mean that the increase in green house gases
caused the temperature rise. However, as we make further
progress, the models become more robust, and the most likely
cause of therisein temperature is due to the fact that after the
industrial revolution, greenhouse gases are generated and re-
leased into the atmosphere.

What will happen to the atmospheric CO, concentration if
CO, emissions are reduced by afactor of 20 over the next 100
years? Unfortunately CO, is a very stable gas. Once it is
generated, it stays there and cycles between the atmosphere
and the ocean. In other words, the CO, concentration will sta-
bilize for at least another 100 to 300 years. If the CO, concen-
tration in the atmosphere is stable for such along period of
time, what will happen to the temperature? The temperature
will continueto rise. In fact, thereis alarge time lag between
the effects of increasing green house gas concentrations and
the corresponding rise in temperatures.

With the rise in temperature, sealevelswill rise due to the
increase of water from ice being melted in Antarctica and
Greenland. Why does climate matter? Well, climate is really
the average and the extremes of many phenomena, including
the hot and cold, wet and dry, snow packing, snow melting,
winds, and ocean currents. The consequences of many of these
phenomena remain unknowns, especially the effects of ocean
currents. Specifically, we do not have an understanding for
how a temperature rise will affect the current flow. For
example, if the Gulf Stream which travels from the Carribean
to the North Atlantic changes directions and moves southward
towards Africa, Northern Europe, which is at the same lati-
tude as mid Canada, will become a frozen tundra. Due to the
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The Alaskan boreal forest is a small part of an enormous forest that extends
continuously across the northern part of North America. The average area of

this forest burned annoually has more than doubled since 1970.
Fig. 7: Global warming also resultsin theincreasing frequency
of forest firesin North America. Shown isarea of North-

ern Boreal forest burned annually.

enhanced evaporation and precipitation which accompany the
rising temperature, it has also been predicted that global warm-
ing will also increase the occurrences of storms, floods, and
wild fires. There will be property losses due to sea level rises.
In addition, the productivity of farmsand fisherswill be greatly
affected. Thelivability of citiesin the summer will aso change.
Finally, the distribution of species and patterns of diseases will
be altered.

To illustrate the damages caused by adverse weather
changes, Fig. 6 shows the major weather and flood catastro-
phes over the last 40 years. The data shows arise in the num-
ber of storms and arise in the amount of property damage and
insurance losses. This has become such an important i ssue that
many of the insurance companies for hurricanes and flood are
beginning to raise their rates in a dramatic fashion. An ad-
verse change of global warming isthe increasing frequency of
forest firesin North America [Fig. 7]. It is aso anticipated
that the average mortality rate for peopleliving in large cities
in the United States will also increase by 2020-2050 [Fig. 8].

The results from the computer models show that it's not
only the average temperature of the Earth that is affected. Re-
gional temperatures are also affected by global warming. The
computer models suggest that most of the temperature increases
will occur over land. Depending on whether the CO, concen-
tration will be increased by afactor of 2 or 4 over the pre-
industrial level, the extent of temperature increase will also be
different and the predictions of temperature increase by the
computer model for the two cases are shown in Fig. 9. For
comparison, Fig. 3 shows that the pre-industrial level of at-
mospheric CO, concentration to be 275 parts per million (ppm),
and at the present, the atmospheric CO, concentration is al-
ready above 375 ppm. The simulated results at four times the
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Fig. 8: The average mortality rate dueto hot weather for people
living in big cities in the USA. It’s predicted that by
2020-2050, mortality rates will increase.

pre-industrial CO, concentration indicate that the temperature
of mid-western part of the United States, one of the most pro-
ductive areas of agriculture in the world, isto rise by 4-5 de-
grees Celsius. That will turn the Mid-West into a dessert. In
Glacier National Park, glaciers have all but disappeared since
1910, so there is a proposed name change of the park to Non-
Glacier National Park.
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Fig. 9: Computer models prediction of the temperature over
Earth for the cases where CO, increased by 2 times or
4 times since the pre-industrial level. Note that most of
the predicted temperature increase is over the land.

WWWN“W

’
sheerness
+100
Stockholm v
(detrended

1774-1873)

-100
Swinoujscie/Swinemunde WMNWMM
o
- e A
(,:;;u;*:z:ww,f\/j\ L ‘w'nw

1 1 1 I 1 I I I 1 I 1 1 1 L 1 1
1700 1720 1740 1760 1780 1800 1820 1840 1B60 1880 1900 1920 1940 1960 1980 2000
Year

Amsterdam

A AN

Figure 6: Time-series of sea level for the past 300 years from Northn Europe: Amesterdam, Northerlands; Brest,
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term. The social bar indicates = 100 mm. [Based on Figure 11.7]

Fig. 10: Direct sea level rise measurements in Amsterdam,
Stockholm, and Liverpool. Note that there is a gen-
eral trend of sea level rising over the past 150 years

At the present, great ice packs are breaking up. An example
isthe Larson Ice pack of Antarcticawhich broke off in 2002.
The melting of ice packs, especially those located on land
masses such as Greenland and the continental shelf of
Antarctica, will cause arisein the sealevel. Direct measure-
ments of sealevelsin Amsterdam, Stockholm, and Liverpool,
show that there is a general trend of sealevel rising over the
past 150 years [Fig. 10]. Here's an investment tip: if the sea
level rises 1 meter, all the regions marked in red in south-
ern Florida, including Cape Canaveral will be under water
[Fig.11]. Therefore if one were to buy land next to the red
regionsin Fig. 11, one will be acquiring beach front property.
The situation will be much worse in Bangladesh, where a 1
meter rise will affect the life styles of hundreds of millions of
people. The increase in water temperature will also kill the
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Atmospheric Stabilization Emissions Paths
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Fig. 12: The amount of atmospheric CO, based on different
emission patterns. The condition will continue to get
much worse if we do not change the current pattern
of CO, production.

living organisms within the coral, and leaving behind awhite
skeleton. Thered curvein Fig. 12 shows that the atmospheric
emissions will become much worse, if the current trend
continues. An approach to alleviate global warming is to cap
the CO, concentration at 550 ppm.

The scope of the energy crisis can be better understood if
one examines the trend of the world demand of energy
resources. As shown in Fig. 13, between 1971 and 2000, the
total use of energy has doubled and is expected to triple by
2020. Most of what we use now is oil and gas, followed by
coal. The rest of the energy sources we use contribute to a
very small amount of the total energy consumption. In 1959, a
geophysicist named King Hubbert predicted that the 48 states
of the US would have a peak in oil production in 1970. This
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Fig. 13: The world demand of energy resources. Between 1971
and 2000, the total use of energy has doubled. It's
expected to triple by 2020.
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Fig. 14: The production of oil in the lower 48 statesin the US.
Thered curve is the production and the green curve
shows the discoveries.

concept was regarded as heretical and he was laughed off the
stage in 1959. In fact, he was wrong. The peak occurred in
1972. As Fig. 14 shows the peak oil production in the lower
48 states, and the oil finds in Alaska did not affect domestic
oil production significantly. Fig. 14 also shows that we are
running out of placesto find oil in the US, and that we have
well passed the production peak. In summary, we are essen-
tially running out of oil in the United States.

You have to make a guess, as to what the world's total re-
serves are. The best guess by the United States Global Survey
(USGS), and the Department of Energy (D.O.E) is the best
estimates of total discovered and undiscovered global reserves.
Their generous estimates state that we have not yet discov-
ered 2/3 of the oil. Based on factors such as the increase of
and different assumptions on the rate of oil consumption, their
predictions of peak oil production are anywhere between 10-
30 years from now. Some predictions state that we are at the
peak of oil production, but other predictions state that the oil
production peak will be at 2040. However, most predicts that
the oil production peak will occur at around 2015-2030. Once
the oil and gas production has peaked, there will be somewhat
of an ensuing panic, and the price of oil may become 60 dol-
larsabarrel, and we will be at the beginning of the end.

First, we will run out of oil. Then we will run out of gas. So
what’s left? There will still be alot of coal, hundreds of years
of it. It is estimated between the years 2003-2030, the total
power output of coal plantswill be 1.4 TW, or 1.4X 10" watts
of power. The United States now consumes 0.3 TW of power.
With the new coal plants that will be built, the projection is
that in the next 30 years, we will add 3 times more CO, to the
atmosphere than from the previous 250 years. If we continue
with business as usual, and continue to use fossil fuel, we will
have bought into areally serious problem. Once you spent
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tens and hundreds billions of dollars on coal burning plants, it
will be tough not to use them. There is also energy available
from tar sands and shell oil which, like coal, are actually con-
sidered to be reserves as well. However, these energy sources
are equally bad for CO, emissions. Remember, the feeling now
among many scientistsis that we may not have ten or twenty
years | eft to get the energy situation under control.

The situation is analogous to the following scenario: we are
al on alittle island and there is no escape out of the island.
There is a volcano on the top of the island, and there is lava
oozing down and the lavais oozing such that it’'s going to cover
the entireisland. In fact that iswhy the island is there, because
of the lava. You can well imagine that the lava will then ooze
down and consumethe village, consume everybody ontheidand,
and everything will be dead. The village elders have some
concerns, so they have ameeting to discuss the situation. Let's
pretend we are eavesdropping at this meeting. The first thing,
one of the village elders may say is“Well, our political system
can’t deal with this problem, because thisis a 50 or 500 years
problem. We are not really sure but in any case we only work on
a2 or 4 year cycle. So let'sforget about it.” Another islander
may say “ Since we don’'t know whether it is a 50 or 500 years
old problem, shouldn’t we wait to be sure before we start to
think about what to do?’ Finally, the third islander may say
“We are very clever people. Yes, we don’t know how to divert
the lavaflow, but maybe when the lava gets near, we will think
of something.” In actua fact, | don’t think anybody on thisis-
land would be saying those things. The reason they won't be
saying thisisbecause thelave flow looksvery visble. Therefore,
every morning they get up they can look at the lavaflow. Run-
ning out of oil and global warming are less visible. However,
global warming is quickly becoming more visible. In just the
last decade or so, it has become quite visible in terms of the
pictures I’ ve just shown you. What about energy conservation
and efficiency? Some people think that will solve the problem.
It won't solve the problem, unless we stop consuming energy at
alevel beyond afactor of 10. We think energy efficiency and
conservation can reduce energy consumption by as much asa
factor of 5, but the final problem remains. we have got to stop
the CO, emissions,

What are some possible solutions when fossil fuels run out?
With nuclear fusion one can burn hydrogen to acquire alot of
energy and relative to fission, the fusion solution is an envi-
ronmentally clean solution. However, after 60 years of research
we are not yet close. The most optimistic researchers predict
that maybein 40 or 50 years, commercial energy sources based
on nuclear fusion may become possible. At the present, nuclear
fusion remains aresearch program. We should continue to do
research in fusion, but we can not put all our eggsin one basket.

An aternative energy solution is nuclear fission. However,

it has three problems. First, nuclear fission produces alot of
radioactive waste. In addition, there is always the concern of
nuclear proliferation. The third issue is the emotional aver-
sion the public may have towards nuclear fission. If the United
States wants to get itself on anuclear economy, it will have to
make nuclear power reactors capable of producing 3 TW of
power. Thisis equivalent to one new billion watts (GW) reac-
tor every week for the next 50 years. As aresult, the amount
of the radioactive waste generated will become significant.
Specifically, there is the problem of radioactive waste with
the isotopes that are made in nuclear reactors. Fig. 15 shows
the types and amount of isotopes that are made in nuclear re-
actors and the times required for them to decay. The pink line
shows the current E.P.A. standard for what the United States
considered to be safe. It would take more than 100,000 years
for all isotopes to fall below the E.P.A standard. Roughly
speaking, the nuclear waste problem is a 100,000 years prob-
lem and 100,000 yearsisalong time. Civilization is only 8,000
years old. The Neanderthal men just appeared on earth about
100,000 years ago. Therefore, the waste problem will leave
quite alegacy for future generations.

There is hope in that we can recycle the radioactive fuels
and research on how to efficiently convert long lived nuclear
waste into shorter lived radioactive isotopes. In principle, the
amount of waste reduction can be as much as a factor of a
hundred and with the waste having considerably shorter life
time. However, we do not quite know how to resolve the waste
problemin avery efficient way. | think alot of research should
be done on this problem, because nuclear energy, either fu-
sion or fission is CO, neutral.

What iseft is energy from the sun. When you think of solar

energy, you normally think of photo-voltaic cells. The trouble
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Fig. 15: The production of radioactive wastes has a function
of timein years. The purple line showsthe current E.PA.
standard for what the US considers safe.
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Fig. 16: The red curve shows the cost of generating electricity
with wind, and the green bars show the installed ca-
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with photo-voltaic cellsis the economical cost associated with
this technology. In order to become competitive with coal,
gas, ail, and nuclear energy, the cost associated with photo-
voltaic cells needs to be brought down by at least a factor of
five, perhaps by afactor of ten. More research on how to make
photo-voltaic cells more efficient should be done. Solar en-
ergy also causes wind, and wind power is a promising and
much cheaper source of energy. As an energy source, wind
has made incredible technical progress. Fig. 16 showsthat over
the years from the 1980’s to 2000, the cost of generating en-
ergy from wind has plummeted. The green bars show the in-
stalled capacity due to the drop in cost. For comparison, the
arrow on the same graph indicates the cost of generating elec-
tricity with gas. Wind, properly utilized, can provide 10-20%
of our electrical need. However, wind energy can not quite be
considered as a power-on-demand source. If the wind does
not blow, there is no electricity. The problem with both solar
and wind produced energy isthat one still need to convert the
electricity into stored energy, so the energy can be available
on demand. One possibility isto use hydro-electric means for
energy storage. What that would involveis that as electricity
isgenerated, it isused to pump water uphill. When electricity
is needed, all one needs to do isto let the water flow down.
There are plansto store energy thisway, especially with nuclear
reactors, because the nuclear reactors run day and night. This
idea would involve pumping the water at night, when the load
islow. However, the problem is that there is not enough water
in the world to do this.

Instead, we would like to convert solar energy into
electricity, and then into chemical fuel. It is easy to convert
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electricity into chemical fuel. We know this from our grade
school days. By putting the correct electrodes in water and
turning on the electricity, you can break down water into hy-
drogen and oxygen. When hydrogen is burned, it becomes
water which is avery clean end product. Therefore, convert-
ing sunlight to electricity to generate hydrogen seems very
clean. However, the conversion of electricity to hydrogen
would lose afactor of fivein energy content. Therefore, aten-
fold increase in the demand of solar electricity would become
fifty times more expensive. What we need to do isto perform
research on how to convert electricity into chemical fuel. It is
considerably cheaper than electrolysis.

Finally, there is photosynthesis. Nature, over the last couple
of billionyears, hasfound away to convert sunlight, CO,, water,
and some nutrients into chemical energy. Fig. 17 outlines this
remarkable process. The light go into some molecule on the
leaf, the energy hops around and finally deposits into the reac-
tion center, and there the energy from the sun is made into a
chemical bond that can be burned for chemical fuel. We are
beginning to understand this process, and as we understand
this process, it appearsincreasingly more difficult to artificialy
mimic this system in the next 10-20 years. We know how to
absorb light and separate the charges. That processiswhat photo
cells do. We also know how to transfer these charges, by mo-
lecular transport. It is the chemical conversion of these sepa-
rated charges into the chemical bonds that is extremely hard.
The most difficult part about this process occurs during the
process when a molecule or a small group of molecule holds
several electron volts of energy. In this state, the molecules

Electron transfer
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Photon center .
Primary electron

acceptor

Reaction
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Transfer

of energy pigment
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Fig. 17: The photosynthesis process of converting sunlight,
CO,, water and some nutrients into chemical energy.
The light will go into some molecule on the leaf, the
energy hops around and finally deposits into the re-
action center.
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tend to blow up after afew million to billion cycles. The result
isthat the photochemical processwill last for aday or aweek
at themost. Thisistrue of plants: they blow up. However, na-
ture has found away around this problem. Asthe molecul e that
processes the energy into chemical fuel blows up, thereis an-
other molecule that comes in and replaces the broken unit so
the process can continue. Until we develop nanotechnol ogy
that senses and self repairs the broken energy conversion unit,
using an artificial technology for energy production will re-
main to be aproblem. Thisissueisuniversaly true for organic
materials. Inorganic material can last for decades under the hot
Sun, but organic materials do not last very long.

Given that we are probably not going to have the solution
in terms of nanotechnology and a mixture of inorganic and
organic nanotechnology within the next ten or twenty years,
we can turn back to nature and try to convert sunlight, CO,,
H_,O and nutrients to biomass and then to aform of the chemi-
cal energy we like (ethanol, methanol, methane or possibly
hydrogen). In going from sunlight, CO,, H,O, and nutrients to
biomass we can make vast improvements in the current exist-
ing plants. We can genetically modify plants such that they
generate their own fertilizers. We used to rotate crops, so that
plantsthat arefertilizer intensive, such as cotton or corn, would
be planted on one year followed by growing a plant that puts
the nitrogen back in the soil the next year. Now we use oil to
turn it into ammoniato make fertilizers. However, remember
that oil is going to run out. We can genetically modify plants
to be self-fertilizing such they need very little water, grow
very fast, and are naturally resistant to pest. Corn is one crop
that USis growing and the USis subsidizing its farmers $1-3
billion ayear. What one needsto do isto convert corn to corn
oil and then convert corn oil into bio fuel.

The problem with corn isthat if you look at how much en-
ergy one needsto invest to grow one unit of energy of ethanol,
approximately two units of energy are needed. It'sagood idea
for corn farmers, because they get subsidized, but it is not a
good deal for the world. In addition, the amount of CO, emis-
sion associated with corn production is substantial [Fig. 18].
Sugar cane in Brazil is one crop that has financially broken
even. The sugarcanes can be fermented to create ethanol. Flex-
cars, which have engines that switch back and forth between
burning ethanol and gasoline, are now being used more and
more. Right now 20% of the automobile fleet is composed of
the flex-cars, and it is predicted in the next couple of year, the
ratio of flex-cars can increase to 80%. At the current price of
60 dollars a barrel, its cost a factor of two less to run car on
ethanol. This is a good approach for Brazil, because Brazil
has lots of water and three growing seasons. However, it may
not work for the United States and Europe.

Switchgrass is another crop being investigated at aswell. It

Total CO2 emission of common fuels
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Fig. 18: The total CO, emissions of common fuels and corn
production.

isessentially aweed and composed mostly of cellulose. A key
feature of this crop isthat it grows very fast and does not re-
quire much water. Therefore, people are looking into whether
it is possible to mutate switchgrass in a fruitful way so asto
improve the way we convert cellulose into chemical fuel. The
current method uses alot of hot acid and produces alot of CO,
inthe process of converting the cellulose into ethanol. We know
that over the last couple of billion years, nature has devel oped
away to convert cellulose or bio-waste into fuels like meth-
ane gas. Fig. 19 isapicture of the bacteriathat doesthis. It is
possible that we can study how these bacteria achieve such
conversion, and improve the efficiency of such processes. We
can do so by changing the bacteria’s genome in a dramatic
way. There are also bacteria in the stomach of cows and
termites. They have the means of converting cellulose to chemi-

Microbulbifer degradans
A group of microoganisms that degrades of a
significant portion of the 50+ billion tons of cellulose
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Fig. 19: Picture of the bacteria that can convert cellulose or
bio-waste into fuels like methane gas.



10

cal energy that they can use. If we are fed alot of cellulose, it
just passesthrough our digestive system. We don’t extract much
energy from it at all. However, for termites, all they dois eat-
ing cellulose.

There is a more aggressive approach called synthetic
biology. A potential application of this approach isin drug
discovery. Instead of telling an organism to take 1 or 2 pro-
teins to create a drug, one can be more ambitious and make
the organism to grow many proteinsin alittle organic, syn-
thetic factory. An example is the synthesis of the anti-malarial
drug of artiminsinin. It has been found that one can extract a
chemical compound out of the plant A. annua found in South-
east Asiato be used effectively against malaria. Malariaisa
very serious disease and it kills approximately two million
people a year. The known medicines to combat malaria are
quinine based drugs, but the protozoa that causes malaria has
developed a resistance to these quinine based drugs. Unless
we find a drug to combat malaria, the diseaseis going to kill a
lot more than two million people ayear. Although artiminsinin
isvery effective, it isvery costly to produce using this plant.
What Jay Keasling has doneisto figure out the pathway that
the plant makes the artiminsinin, and he just incorporates this
pathway into a bacterium, such that it making a dozen or so
genes that form the compound. Thisis called synthetic biology.
It is a natural extension of recombinant DNA. Now we can
ask if the same approach can be used to make methanal, etha-
nol or methane from cellulose more efficiently? In fact, we
have a project that has been going on in which one takes these
micro-organisms and study their genome such as to determine
a pathway which lead to the digestion of the cellulose and
convert it to hydrogen. However, hydrogen is not our favorite
fuel, so we prefer to make ethanol or methanol. The question
is: Whether can we modify the existing plants or organisms or
design new ones that can directly produce energy by
photosynthesis? This is yet another scientific challenge that
has some hope. However, the first order of businessisto mu-
tate a standard plant, convert it into biomass, and improve the
conversion of biomass into chemical energy. Remember, we
already have proof of this concept in Brazil, where sugarcane
is being modified into direct energy. If the efficiency of this
processisimproved by afactor of three, this approach can be
pursued in the U.S. aswell. Thereis enough arable land in the
U.S. such that we can supply all the petroleum needs for the
U.S. Thereis enough extraland that can be dedicated towards
growing plants to create energy.

The point to take away from thisisthat adiversified portfo-
lio of investments are needed to devel op numerous sources of
new energy, whether it isin fusion, fission, electrochemistry,
solar cell efficiencies, or biological approaches. | personally
think that the first solution that might be practical probably
lies at the interface of biology and the physical sciences at the
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nano-scale.

What are the U.S. and the international countries concerns?
They are all worried about their national security, which is
being tied to their energy security. The U.S. has developed a
foreign policy that allows them access to ail. It's also not a
secret that China, as its economy continues to grow rapidly,
that it too is positioning itself to have accessto ail. Indiais
following them as well. A potential conflict is building up,
when thereisn’'t enough oil to go around and countrieswill do
anything to supply themselves.

Energy isaso intimately tied to economic prosperity. If the
price of energy dramatically goes up, it would really put a dent
on the world economy and lifestyles can dramatically change.
If all the natural energy reserves on land, namely coal, tar sand,
and oil, are used up over the next 400 years, huge damage will
be done to the environment. These are the things that peoplein
the world should be paying attention to. In my mind, it is the
single most serious problem we are facing today that science
has to solve. If we don’t solve this, the life style of the world
will change dramatically. If wedon't find acureto heart disease,
stroke, or cancer, the life style of the world won't change. Life
will go on as we know it. The sustainable CO, neutral energy
source, however, isaglobal problem.

Should we start a Manhattan Project to solve the energy
problem? | think “Yes” we should and the world should.
However, it'slittle different, because when the United States
started the Manhattan Project during World War 11, we knew
about nuclear fission and chain reactions. So alot of basic
science was actually done. Therefore, we need a Manhattan
Project for the energy crisis before we discover chain reaction,
and we better start it in the next couple decades. How do you
go about doing something like this? The answer may be found
in history. The Bell Laboratorieswasaplace | spent nine years
of my life. It was aremarkable industrial lab for about eighty
years. You might think the invention of the transistor at the
Bell Lab wasdone by asmall group of people, namely Bardeen,
Brittain, and Shockley who shared the Nobel Prize for the in-
vention of the transistor. In fact, there were teams of people
working on that project. Bell Laboratory decided they would
like to invent a low power solid state switch to replace the
vacuum tubes as switches, because they knew there were reli-
ability problems associated with vacuum tubes.

When they decided to “invent” the transistor, they did not
have the necessary material science to grow germanium and
silicon with high enough purity. They did not know about the
basic physics of electrons in semiconductors and how impu-
rity affects them. They didn’t know about surface states on
semiconductors. And they didn’t know a lot of the details of
the p-n junctions. In fact, they had to solve all of these
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~ 25% of the Lawrence Berkeley Lab budget is
in the biological and biophysical sciences
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Fig. 20: The distribution of Lawrence Livermore Laboratory
budget. Note that about 25% of the budget goes into
the biological and biophysical sciences.

problems. These problems could not have been solved by pro-
fessors at research universities in the same time frame that
Bell Lab did it. It would have taken a decade or two for pro-
fessors one by one, publishing papers, and going to
conferences. Bell Lab can throw akitchen sink at it and get it
done in maybe a half dozen years, and that is what they did.

This brings me to why | left a very rich school, Stanford
University to go to a not-so-rich public school, University of
California, Berkeley. And also why | decided to leave my labo-
ratory to run the Lawrence Livermore National Laboratory,
where | have to administer. Believeit or not, | actually haveto
worry about electricity and plumbing. It isahalf abillion dol-
lar ayear laboratory, located next to the Berkeley campus,
with all unclassified research work. It is a very distinguished
laboratory. Of the fourteen Nobel Prize winners who are fac-
ulty member at UC Berkeley, ten of them were or are employ-
ees at the Lawrence Berkeley National Lab.

The character of Lawrence Berkeley Lab has changed.
It started out in high energy physics, nuclear physics, and
chemistry, but only a small part in those areas remains
[Fig. 20]. That's not to say that there are not alot of distin-
guished work being done in those areas. In fact, there is an-
other Nobel Prize winner waiting in the wings, for the dis-
coveries made in high energy physics, but roughly a quarter
of the lab now does biology or biophysics. We run the largest
non-classified D.O.E. super computer in the country. We also
run the most efficient genome sequencing facility in the country.
It isavery multipurpose laboratory. Because we are leadersin
nanoscience, physics, chemistry, life science, computational
science, and material science, the Laboratory realy hasalot of
the partsthat can addressthe question | have been talking about.
Thisis one of the primary reasons why | took thisjob. | have
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been the director of Lawrence Berkeley National Laboratory
for aimost ayear. The day | walked in the door, | started talk-
ing about the energy problem. During that time, | think people
have become increasingly excited and compelled that they
should be working on this problem. As the director, | don't
order them to work on the energy problem. What | can do isto
get them excited about the problem. At the discretionary level,
I can fudl little projects. On theflip side, | can go to the Depart-
ment of Energy, to Congress, and tell them of the need to do
this. | am very optimistic that something will happen.

In summary, scientists are continuing to make better pre-
dictionsto global warming. We really have to create solutions
to this energy crisis and try to convince our world leaders to
take immediate actions. Limiting the amount of CO, emission
and investing heavily into research are both needed to solve
thisimportant issue. As new technology can one day brings us
the needed solutions, the polar ice caps will continue to melt.



